
(19) *EP004579322A1*
(11) EP 4 579 322 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
02.07.2025 Bulletin 2025/27

(21) Application number: 24214442.6

(22) Date of filing: 21.11.2024

(51) International Patent Classification (IPC):
G02F 1/01 (2006.01) G02F 1/21 (2006.01)
G02F 1/225 (2006.01) G02B 6/293 (2006.01)
G02B 6/12 (2006.01)

(52) Cooperative Patent Classification (CPC):
G02F 1/212; G02F 1/0147; G02F 1/225;
G02B 6/29355

(84) Designated Contracting States:
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB
GR HR HU IE IS IT LI LT LU LV MC ME MK MT NL
NO PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA
Designated Validation States:
GE KH MA MD TN

(30) Priority: 28.12.2023 US 202318399499

(71) Applicant: INTEL Corporation
Santa Clara, CA 95054 (US)

(72) Inventors:
• Fathololoumi, Saeed

Los Gatos, 95032 (US)
• Hui, David

Santa Clara, 92118 (US)
• Pour Fard, Monireh

Austin, 78739 (US)
• Levy, Jacob

Sierra Madre, 91024 (US)

(74) Representative: Goddar, Heinz J.
Boehmert & Boehmert
Anwaltspartnerschaft mbB
Pettenkoferstrasse 22
80336 München (DE)

(54) TUNABLE CASCADED MACH‑ZEHNDER INTERFEROMETER STRUCTURES

(57) Cascaded Mach-Zehnder Interferometer
(CMZI) structures comprising electrically resistive hea-
ters provisioned across the stages so as to enable im-
proved filter wavelength control. In embodiments, CMZI

heater power supply control is made a linear function by
scaling the number of heater elements between the
stages in proportion with the magnitude of the arm differ-
ential (e.g., ΔL, 2ΔL) for the corresponding stage.
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Description

BACKGROUND

[0001] Many computing applications, such as machine learning (ML), can be enhanced through higher bandwidth
communication between compute resources. Photonic integrated circuits (PICs) are increasingly important in high-
performancecomputing, data center, and cloudcomputingapplications.Densewavelengthdivisionmultiplexing (DWDM)
offers viable solutions toward scaling up and scaling out computation resources as well as enabling the disaggregation of
such computation resources.
[0002] The use of silicon in photonics, enables high-volume, low-cost and highly integrated PICs. Wavelength filters,
such as optical finite impulse response (FIR) filters are critical in silicon PIC development, particularly for applications
relying on DWDM. Commonly implemented optical filters include arrayed waveguide gratings (AWGs), planar concave
gratings (PCGs), micro-ring resonators (MRRs), and cascaded Mach-Zehnder interferometer (CMZI) structures. Com-
paredwithAWGandPCGarchitectures,CMZI structuresofferanumberof advantages, suchas lower insertion loss, anda
flatter transmission passband.
[0003] The transmission function of aCMZI filter is a function of the differential path lengths of the twooptical waveguide
paths (arms) of the imbalancedMZIs in each stage. Electrical circuits controlling resistive heaters thermally coupled to the
arms of CMZI structures enable filter tuning through the thermo-optic effect to modulate the phase difference of the two
armsof each stage. Suchamultistage cascadedMZI-based filter is operative as programmableFIRprocessor. FIR tuning
may be performed to suite a variety of applications, one example being passband filter operation that is substantially
athermal.
[0004] Optical phase control of each MZI switch within a CMZI is proportional to the arm length difference (ΔL). For
example, the change in phase/heater power of a switch stage with twice ΔL should be twice the change in phase/heater
power of a switch stage with ΔL. However, resistive heater power has a quadratic relationship with resistance, so heater
power control circuitry can become relatively complicated. For example, CMZI phase control typically requires reading
both voltage and current of a resistive heater and accordingly adjusting bias voltage(s) by electronic circuitry or a
microcontroller to arrive at a desired heater output power. Control of an optical filter can therefore be power intensive and
require control circuitry that can scale quickly for higher order optical filters. CMZI structures amenable to improved and/or
simplified wavelength filter control algorithms are therefore commercially advantageous.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The material described herein is illustrated by way of example and not by way of limitation in the accompanying
figures. For simplicity and clarity of illustration, elements illustrated in the figures are not necessarily drawn to scale. For
example, the dimensions of some elements may be exaggerated relative to other elements for clarity. Further, where
considered appropriate, reference labels have been repeated among the figures to indicate corresponding or analogous
elements. In the figures:

FIG. 1 is a schematic of tunable CMZI architectures, in accordance with some embodiments;

FIG. 2 is a flow diagram of CMZI heater control methods, in accordance with some embodiments;

FIG. 3 is a plan view of a tunable three stage CMZI interleaver, in accordance with some embodiments;

FIG. 4 is a flowdiagram illustrating application of heater supply voltages to theCMZI interleaver illustrated in FIG. 3, in
accordance with some embodiments;

FIG. 5 illustrates a spectral response associated with the CMZI interleaver of FIG. 3, in accordance with some
embodiments;

FIG. 6 is a schematic of a computer system comprising a silicon-based PIC including a tunable CMZI structure, in
accordance with some embodiments; and

FIG. 7 is a functional block diagram of an electronic computing device, that may include one or more silicon-based
PICs, in accordance with some embodiments.
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DETAILED DESCRIPTION

[0006] Embodiments are described with reference to the enclosed figures. While specific configurations and arrange-
ments are depicted and discussed in detail, this is done for illustrative purposes only. Persons skilled in the relevant art will
recognize that other configurations and arrangements are possible without departing from the spirit and scope of the
description. It will be apparent to those skilled in the relevant art that techniques and/or arrangements described herein
may be employed in a variety of other systems and applications other than what is described in detail herein.
[0007] Reference is made in the following detailed description to the accompanying drawings, which form a part hereof
and illustrate exemplary embodiments. Further, it is understood that other embodiments may be utilized and structural
and/or logical changes may be made without departing from the scope of claimed subject matter. It should also be noted
that directions and references, for example, up, down, top, bottom, and so on, may be used merely to facilitate the
description of features in the drawings. Therefore, the following detailed description is not to be taken in a limiting sense
and the scope of claimed subject matter is defined solely by the appended claims and their equivalents.
[0008] In the following description, numerous details are set forth. However, it will be apparent to one skilled in the art,
that embodiments may be practiced without these specific details. In some instances, well-known methods and devices
are shown in block diagram form, rather than in detail, to avoid obscuring the embodiments. Reference throughout this
specification to "an embodiment" or "one embodiment" or "someembodiments"means that a particular feature, structure,
function, or characteristic described in connection with the embodiment is included in at least one embodiment. Thus, the
appearances of the phrase "in an embodiment" or "in one embodiment" or "some embodiments" in various places
throughout this specification are not necessarily referring to the same embodiment. Furthermore, the particular features,
structures, functions, or characteristics may be combined in any suitable manner in one or more embodiments. For
example, a first embodiment may be combined with a second embodiment anywhere the particular features, structures,
functions, or characteristics associated with the two embodiments are not mutually exclusive.
[0009] Asused in the description and the appended claims, the singular forms "a", "an" and "the" are intended to include
the plural forms as well, unless the context clearly indicates otherwise. It will also be understood that the term "and/or" as
used herein refers to and encompasses any and all possible combinations of one or more of the associated listed items.
[0010] The terms "coupled" and "connected," along with their derivatives, may be used herein to describe functional or
structural relationships between components. These terms are not intended as synonyms for each other. Rather, in
particular embodiments, "connected" may be used to indicate that two or more elements are in direct physical, optical, or
electrical contact with each other. "Coupled" may be used to indicated that two or more elements are in either direct or
indirect (withother interveningelementsbetween them)physical or electrical contactwitheachother, and/or that the twoor
more elements co-operate or interact with each other (e.g., as in a cause-and-effect relationship).
[0011] The terms "over," "under," "between," and "on" as used herein refer to a relative position of one component or
material with respect to other components ormaterials where such physical relationships are noteworthy. For example, in
the context of materials, one material or layer over or under another may be directly in contact or may have one or more
interveningmaterials or layers.Moreover, onematerial between twomaterials or layersmay be directly in contact with the
two materials/layers or may have one or more intervening materials/layers. In contrast, a first material or layer "on" a
second material or layer is in direct contact with that second material/layer. Similar distinctions are to be made in the
context of component assemblies.
[0012] As used throughout this description, and in the claims, a list of items joined by the term "at least one of" or "one or
moreof" canmeananycombinationof the listed terms.Forexample, thephrase "at least oneofA,BorC"canmeanA;B;C;
A and B; A and C; B and C; or A, B and C.
[0013] FIG. 1 is a schematic of a cascaded Mach-Zehnder interferometer filter structure 100 in accordance with
embodiments herein. CMZI structure 100 includes a first MZI stage 101 and a serial secondMZI stage 102. Although two
serial stagesare illustrated,exemplary threeserial stageCMZIstructuresare further describedbelow in thecontext ofFIG.
3 to illustrate how the general architecture illustrated in FIG. 1 can be scaled. A similar strategy may be applied to CMZI
structures of any number of n serial stages. The architecture illustrated in FIG. 1 may also be applied to various binary
cascading architectures, for example within a CMZI lattice filter.
[0014] MZI stage 101 comprises an imbalanced MZI with two optical waveguide paths (i.e., arms) having a differential
lengthΔL. Thedifferential lengthΔL inducesan incremental phaseshift, whichmayvary (e.g.,π/4,π/2,π, etc.) according to
design. MZI stage 102 similarly comprises an imbalanced MZI. However, the two arms have a proportionally larger
differential length of twice ΔL (2ΔL) to induce twice the incremental phase shift of stage 101.
[0015] In accordance with exemplary embodiments, CMZI heater power supply control is made a linear function by
scaling the number of electrically resistive heater elements 110 between the stages 101, 102 in proportion with the
magnitude of the arm differential (e.g., ΔL, 2ΔL) for the corresponding stage. Across the n stages of CMZI 100, all heater
elements (units) 110havesubstantially thesamepredetermined resistance (R1)value todissipate throughJouleheatinga
power suitable for applying a thermo-optic control effort to CMZI structure 100. In the illustrated example, a single heater
element 110 is coupled to stage101,which hasanarmdifferential ofΔL.Stage102,with twice thearmdifferential of 2ΔL, is
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thermally coupled to twice the number of heater elements 110 (i.e., two heater elements 110).Within stage 102, the pair of
heater elements 110 are electrically interconnected in electrical parallel across a first heater supply rail 105 and a second
heater supply rail 106.Heater element 110within stage101 is similarly electrically connected across supply rails 105, 106.
[0016] Instead of controlling a same number heater elements in different stages to dissipate different powers,
embodiments herein physically provision a proportionate number of heater elements across CMZI stages so that all
heater elements canbecontrolled to eachdissipate substantially the samepower, for examplewith a linear control voltage
V0 that is applied across multiple stages of the CMZI filter structure, simplifying the tuning of CMZI structure 100.
[0017] In accordancewith some further embodiments, CMZI structure 100also includes secondary electrically resistive
heater elements 111 in addition to primary heater elements 110. In exemplary embodiments, eachMZI stage includes one
secondary resistive heater unit 111. Secondary heater elements 111 may implement filter stage offsets to account for
phase errors in each MZI that are substantially constant (e.g., temperature independent), such as those stemming from
fabrication non-idealities (e.g., waveguide sidewall roughness, etc.). Such fixed phase errors may be relatively small and
therefore resistive heater elements 111may have a resistance value R2 that is significantly smaller than resistance R1 of
primary heater elements 110. The secondary heater elements of eachMZI stage 101, 102may be substantially the same
resistance value, andmay each be independently driven by a bias voltage V1, V2 supply tominimize any phase error that
would otherwise be associated with that stage.
[0018] FIG. 2A is a flowdiagramofCMZI heater controlmethods 201, in accordancewith someembodiments.Methods
201maybepracticed onCMZI structure 100, for example.Methods 201beginwith receiving aCMZI control signal at input
215. The control signal may originate from any feedback or feedforward source. A feedback source may, for example, be
sensitive to a transmission spectral response of aCMZI filter. In some exemplary embodiments, theCMZI control signal is
associated with, or indicative of, a magnitude of residual transmission power collected downstream of the CMZI filter. For
example, output of theCMZI filtermay be passed through an optical add/drop filter with transmission power falling outside
of thewavelength(s) selectedby theadd/drop further conveyed toa terminationphoto detector (PD).Output of thePDmay
then dictate the CMZI control signal input to methods 201. In some other embodiments, the CMZI control signal is
associated with, or indicative of a temperature differential ΔT from a predetermined reference temperature. CMZI control
signal input to methods 201 may then be derived from a magnitude and sign of the temperature difference.
[0019] Methods 201 continue with optional stage offset compensation at blocks 210 and 215 where an offset for each
MZI stageof aCMZI is optimizedbasedon theCMZIcontrol signal receivedat input 215.Blocks210and215are illustrated
in dashed line to emphasize these blocks are optional and, if implemented, are advantageously practiced once, for
example at the time of final test following device assembly, and not subsequently varied during field operation of a CMZI.
[0020] At block 210, a bias voltage V1 is applied across a secondary resistive heater element that is thermally coupled
primarily to a first imbalancedMZI stage. As further described below, this secondary resistive heater element is thermally
coupled primarily to either a short arm or a long arm of an imbalanced MZI structure. Bias voltage V1 may be varied to
dissipatemoreor lesspower inasecondaryheater elementalteringphasedelayof thestage, for example to convergeona
minimum in residual transmission power. Bias voltage V1 may be varied separately or in concert with any other phase
adjustments of a CMZI structure.
[0021] At input 215, a bias voltage Vn is applied across a secondary resistive heater element that is thermally coupled
primarily to an nth imbalancedMZI stage. As further described below, this secondary resistive heater element is thermally
coupled primarily to either a short arm or a long arm of an imbalanced MZI structure. Bias voltage Vn may be varied to
dissipatemoreor lesspower inasecondaryheater elementalteringphasedelayof thestage, for example to convergeona
minimum in residual transmission power. Bias voltage Vn may be varied separately or in concert with any other phase
adjustments of a CMZI structure.
[0022] Methods 201 continue at block 220 where a primary control (C1) effort is modulated by varying (e.g., linearly) a
primary CMZI supply voltage (V0) across all primary heater elements of all imbalanced MZI structures within a particular
CMZIarchitecture.Block220maybepracticed in thefieldduringoperationofanyoptical devicehosing theCMZIstructure.
VoltageV0maybevaried, for example, to compensate temperaturedependentphasechangesexperiencedduringdevice
operation in a given operating environment such that at least one of passband centering, crosstalk isolation, or passband
ripple of the CMZI filter is rendered substantially athermal.
[0023] Foradjustingphase in afirst direction, primaryheater supply voltageV0maybeappliedat block220acrossafirst
pair of heater supply rails. Primary resistor elements coupled to a first armof an imbalancedMZI structure of all n stages of
the CMZI are coupled in electrical parallel to the first pair of heater supply rails. For embodiments, where phase is also
adjustable in an opposite direction, primary heater supply voltage V0may be applied at block 220 across a second pair of
heater supply rails. A second set of primary resistor elements coupled to a second arm of the imbalancedMZI structure of
all n stages of the CMZI are coupled in electrical parallel to the second pair of heater supply rails. A selection between
alternative supply rails may be based on, for example, whether the CMZI temperature is above or below a predetermined
reference temperature (i.e., whether ΔT is positive or negative).
[0024] AlthoughCMZI thearchitecture illustrated inFIG. 1 and the controlmethods illustrated2maybeapplied to awide
variety of CMZI structures, FIG. 3 illustrates a plan view of a tunable three stageCMZI interleaver 300, in accordance with
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some exemplary embodiments.
[0025] CMZI interleaver 300 is over a substrate 301. Substrate 301 may have any composition suitable for the
fabrication of planar optical waveguides 302. In advantageous embodiments, substrate 301 comprises one or more
layers of silicon. Substrate 301 may include a device material layer of substantially pure monocrystalline silicon and
waveguides 302 may be defined from at least a portion of the device material layer, which in some embodiments is a top
layer of a semiconductor-on-insulator (SOI) substrate material stack further comprising an underlying insulator material
layer. In exemplary embodiments, where the device material layer is substantially pure silicon, the insulator material is
advantageously predominantly silicon and oxygen (e.g., SiO2). One or more additional substrate material layers may be
under, or on a back side of, the insulator material layer as mechanical support. For example, bulk silicon of any thickness
(e.g., 20‑500 µm)may on the back side of the insulator material. Substrate 301may alternatively include other materials,
such as a monolithic glass layer. Waveguides 302 may also comprise a material other than pure silicon, such as, but not
limited to silicon nitride (e.g., Si3N4).
[0026] CMZI interleaver 300 comprises a first imbalanced MZI stage 311 optically coupled in series to a second
imbalanced MZI stage 312, which is further optically coupled in series to a third imbalanced MZI stage 313. Each serial
stage 311‑313 is coupled through an optical coupler 308. In the illustrated example, each optical coupler 308 is a multi-
mode interference (MMI) coupler, each of which may have any suitable splitting ratio.
[0027] CMZI interleaver 300 is operable to demultiplex a signal comprisingmultiplewavelengths λ1,λ2 input to port 303
ofMZI stage 311and output as separate signals of onewavelengthλ1or λ2 from two ports 304, 306 ofMZI stage 313. As a
reciprocal device, CMZI interleaver 300 is further operable tomultiplex two signals of onewavelength λ1 or λ2 received at
ports 304, 306 into one signal comprising multiple wavelengths λ1, λ2 output from port 303. For (de)interleaver function,
MZI stage 311 is a π switch including a first pair of waveguides having optical path length (arm) difference ofΔL.MZI stage
312 is a 2π switch having pairs of waveguides with an arm differential of 2ΔL. The second 2π switch stage 313 has an arm
differential of 2ΔLsummedwitha length that inducesanadditionalπ/2 phaseshift (i.e., 2ΔL+π/2) and is inverted fromstage
312.
[0028] General control equations for CMZI interleaver 300 can be formulated as:

where P1, P2 and P3 are power values to be applied to each of stages 311, 312 and 313 to exert control Clover filter
passband centering, control C2over filter crosstalk isolation and control C3over filter passband ripple. Eqs. (1)‑(3)maybe
rewritten for powers P1-P3 in terms of a reference power P:

Together, equations (4)‑(6) can be further simplified in terms of only C1:
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Accordingly, if all heater elements are fabricated to have substantially the same power rating, provisioning twice the
heaters for the 2π switch stages 312 and 313 than for the π switch stage 311 allows a same heater control voltage to be
applied to all heaters in electrical parallel.
[0029] MZI stage 311 therefore includes one primary electrical resistor element 356 adjacent to a waveguide of
differential lengthΔLwhileMZI stage312 includes apair of primary resistor elements 356 adjacent to a secondwaveguide
of differential length 2ΔL. MZI stage 313 similarly includes a second pair of primary resistor elements 356 adjacent to a
secondwaveguideof differential length2ΔL+π/2. All primary resistor elements 356have substantially the same resistance
R1 to dissipate a same power at a given supply voltage. In advantageous embodiments where all the primary resistor
elements 356 have substantially the samematerial composition (e.g., Ti, TiN, polysilicon, etc.) and therefore substantially
the same sheet resistance, all primary resistor elements 356 having substantially the same resistor width (x-dimension)
and thin film thickness will have the same resistor length LR.
[0030] For phase control on either side of a target phase shift, MZI stage 311 further includes a primary resistor element
357 adjacent to the waveguide of any reference length. MZI stages 312 and 313 each include a matching pair of primary
resistors 357 adjacent to thewaveguideof a corresponding reference length. As primary resistors, resistors 357 also have
substantially the same resistance R1 to dissipate at a same power rating. In advantageous embodiments where each of
primary resistors 357 have substantially the samematerial composition as primary resistors 356, resistors 357 also have
the same resistor lengthLR.Hence,MZI stage311comprisesprimary resistor elements 351 includingonebalancedpair of
primary resistor elements 356, 357.MZI stage 312 comprises primary resistor elements 352 consisting of a balanced pair
of twoprimary resistor elements 356, 357.MZI stage313 comprisesprimary resistor elements 353 similarly consisting of a
balanced pair of two primary resistor elements 356, 357.
[0031] As further illustrated in FIG. 3, primary resistor elements 356 of MZI stages 311 and 312 are all connected in
electrical parallel between a power supply reference rail 320 and a first power supply rail 331. Application of a primary
heater control voltage across rails 320 and 331 therefore dissipates double the power within stages 312 and 313 as in
stage 311. Primary resistor elements 357 are coupled in electrical parallel between reference rail 320 and a second power
supply rail 331 to apply a balanced, complementary control effort. Application of a primary heater control voltage across
rails 320 and 332 again dissipates double the power within stages 312 and 313 as in stage 311. MZI stage 313 is flipped
relative to the others. With power equation (9) being negative, primary resistor elements 357 of MZI stage 313 are
connected inelectrical parallel between reference rail 320andpower supply rail 331whileprimary resistor elements356of
MZI stage 313 are connected in electrical parallel between reference rail 320 and power supply rail 332.
[0032] As noted above, secondary heater elements may be implemented to supplement control applied through the
primary heater elements. Stage independent power offsetsmay be separately applied through different secondary heater
driver circuits, supplementing the unified C1 power control that is applied to all stages concurrently through the primary
heater driver circuit. ForCMZI interleaver 300, eachofMZI stages311‑313 includes secondary resistor element pairs 363.
For each of MZI stages 311‑313, secondary resistor elements 363may be adjacent to any equal lengths of waveguide so
as to not introduce any imbalance. Each secondary resistor element pair 363 defines one +/‑ power offset for the
corresponding stage and includes a secondary resistor element 361 on a short arm and a complementary secondary
resistor element 362 on a long arm.Resistor elements 361, 362within one element pair 363 have approximately the same
resistance value. Secondary resistor elements 361, 362 may all be matched across stages 311‑313, but may also be
different. Each of secondary resistor elements 361, 362 has one terminal coupled common power rail 320 and second
terminals coupled a supply rail 341, 342 or 343, each of which is independently controllable to different voltages (e.g., V1,
V2, V3) for the corresponding stage 311, 312 or 313.
[0033] FIG. 4 is a flow diagram illustrating methods 420 applying heater supply voltages to CMZI interleaver 300, in
accordancewith someembodiments. Formethods 420, it is assumedany offset optimization has already been performed
or no offset compensation is required. With center wavelength control linearized, methods 420 can be implemented by
digital or analog circuitry. Methods 420 begin with receiving some control signal at block 210. For embodiments where
methods 420 are practiced to achieve athermal filter performance, the control signal may, for example, be based on a
system temperature differential ΔT.
[0034] For a temperature differential of a first signage (e.g., +), methods 420 continue with an up voltage control effort
412where primary control voltage V0 is applied across a primary heater element of resistanceR1 to heat a first stageMZI
arm of length L1+ΔL. Primary voltage V0 is concurrently applied across two primary heater elements of resistance R1 to
heat a second stageMZI armof length L2+2ΔL. Primary voltageV0 is also concurrently applied across two primary heater
elements of resistance R1 to heat a third stage MZI arm of length L2.
[0035] For a temperature differential of a second signage (e.g., ‑), methods 420 proceed with a down voltage control
effort 413where primary control voltageV0 is applied across a complementary primary heater element of resistanceR1 to
heat a first stage MZI arm of L1. Primary voltage V0 is concurrently applied across two primary heater elements of
resistance R1 to heat a second stage MZI arm of length L2. Primary voltage V0 is also concurrently applied across two
complementary primary heater elements of resistance R1 to heat a third stage MZI arm of 2L+2ΔL.
[0036] FIG. 5 illustrates a spectral response associated with the CMZI interleaver 300, in accordance with some
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embodiments that illustrate passband centering as function of phase increments between -π/2 and π/2. The control
architecture andmethods described abovemay accordingly tune filter performance through the application of control C1.
[0037] CMZI structures and control circuitry described hereinmay be implemented in a wide variety of applications and
platforms. FIG. 6 illustrates computation system 600. System 600 may comprise a commercial server 606, for example
including any number of high-performance computing platforms disposed within a rack and networked together for
electronic data processing. Computation system 600 may further comprise a plurality of compute units within a (dis)
integrated platform 610, for example contained within server 606.
[0038] Platform 610 includes a silicon-based PIC 615. PIC 615 may be one of a plurality of PICs in platform 610, or a
stand-alone packaged PIC. PIC 615 includes CMZI interleaver 300, for example including one or more of the features
described elsewhere herein. PIC 615 may further include laser emitters, optical add/drop filters and any number of other
passive andactive optical devices. The optical beamprocess byPIC615maybe coupled off-chip to an optical wire or fiber
653, for example through top-side coupling or edge coupling. Fiber 653 may further couple to one or more compute units
(not depicted) or some other optical signal sink/source.
[0039] FIG. 7 is a block diagramof a computing device 700 in accordancewith someembodiments. For example, one or
more components of computing device 700 may include any of the CMZI structures and/or control circuitry discussed
elsewhere herein. A number of components are illustrated in FIG. 7 as included in computing device 700, but any one or
more of these components may be omitted or duplicated, as suitable for the application. In some embodiments, some of
the components included in computing device 700 may be attached to one or more printed circuit boards (e.g., a
motherboard). In some embodiments, various ones of these components may be fabricated onto a single system-on-a-
chip (SoC) die or implemented with a disintegrated plurality of chiplets or tiles packaged together. Additionally, in various
embodiments, computing device 700may not include one or more of the components illustrated in FIG. 7, but computing
device700may include interfacecircuitry for coupling to theoneormorecomponents. Forexample, computingdevice700
may not include a display device 703, but may include display device interface circuitry (e.g., a connector and driver
circuitry) to which display device 703 may be coupled.
[0040] Computing device 700 may include a processing device 701 (e.g., one or more processing devices). As used
herein, the term processing device or processor indicates a device that processes electronic data from registers and/or
memory to transform that electronic data into other electronic data that may be stored in registers and/or memory.
Processingdevice701may includeamemory721, a communicationdevice722,a refrigeration/active coolingdevice723,
abattery/power regulationdevice724, logic 725, interconnects 726, aheat regulationdevice 727, andahardware security
device 728.
[0041] Processingdevice 701may includeoneormoredigital signal processors (DSPs), application-specific integrated
circuits (ASICs), central processing units (CPUs), graphics processing units (GPUs), cryptoprocessors (specialized
processors that execute cryptographic algorithms within hardware), server processors, or any other suitable compute
units.
[0042] Processingdevice701may includeamemory702,whichmay itself includeoneormorememorydevicessuchas
volatile memory (e.g., dynamic random-access memory (DRAM)), nonvolatile memory (e.g., read-only memory (ROM)),
flash memory, solid state memory, and/or a hard drive. In some embodiments, processing device 701 shares a package
with memory 702. This memory may be used as cache memory and may include embedded dynamic random-access
memory (eDRAM) or spin transfer torque magnetic random-access memory (STT-M RAM).
[0043] Computing device 700 may include a heat regulation/refrigeration device 723. Heat regulation/refrigeration
device 723 maymaintain processing device 701 (and/or other components of computing device 700) at a predetermined
low temperature during operation. This predetermined low temperature may be any temperature discussed elsewhere
herein.
[0044] In some embodiments, computing device 700 may include a communication chip 707 (e.g., one or more
communication chips). For example, the communication chip 707 may be configured for managing wireless commu-
nications for the transfer of data to and from computing device 700. The term "wireless" and its derivativesmay be used to
describe circuits, devices, systems, methods, techniques, communications channels, etc., that may communicate data
through the use of modulated electromagnetic radiation through a nonsolid medium.
[0045] Computing device 700 includes PIC 615, for example having a CMZI interleaver, for example including one or
moreof the featuresdescribedelsewhereherein. PIC615may facilitate communicationbetweenoneormore instancesof
processing device 701 and/or one or more instances of memory 702, for example.
[0046] Computing device 700 may include battery/power circuitry 708. Battery/power circuitry 708 may include one or
more energy storage devices (e.g., batteries or capacitors) and/or circuitry for coupling components of computing device
700 to an energy source separate from computing device 700 (e.g., AC line power).
[0047] Computing device 700 may include a display device 703 (or corresponding interface circuitry, as discussed
above).Displaydevice 703may includeany visual indicators, suchasaheads-updisplay, a computermonitor, a projector,
a touchscreen display, a liquid crystal display (LCD), a light-emitting diode display, or a flat panel display, for example.
[0048] Computing device 700 may include an audio output device 704 (or corresponding interface circuitry, as
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discussed above). Audio output device 704may include any device that generates an audible indicator, suchas speakers,
headsets, or earbuds, for example.
[0049] Computing device 700may include an audio input device 710 (or corresponding interface circuitry, as discussed
above). Audio input device 710 may include any device that generates a signal representative of a sound, such as
microphones, microphone arrays, or digital instruments (e.g., instruments having a musical instrument digital interface
(MIDI) output).
[0050] Computing device 700 may include a global positioning system (GPS) device 709 (or corresponding interface
circuitry, as discussed above).GPSdevice 709maybe in communicationwith a satellite-based systemandmay receive a
location of computing device 700, as known in the art.
[0051] Computing device 700may include another output device 705 (or corresponding interface circuitry, as discussed
above).Examples includeanaudio codec, a video codec, aprinter, awiredorwireless transmitter for providing information
to other devices, or an additional storage device.
[0052] Computing device 700 may include another input device 711 (or corresponding interface circuitry, as discussed
above). Examplesmay includeanaccelerometer, agyroscope, a compass, an imagecapturedevice, a keyboard, a cursor
control device such as amouse, a stylus, a touchpad, a bar code reader, aQuickResponse (QR) code reader, any sensor,
or a radio frequency identification (RFID) reader.
[0053] Computing device 700 may include a security interface device 712. Security interface device 712 may include
any device that provides security measures for computing device 700 such as intrusion detection, biometric validation,
security encode or decode, managing access lists, malware detection, or spyware detection.
[0054] Computing device 700, or a subset of its components, may have any appropriate form factor, such as a server or
other networked computing component, a mobile device, a printer, a scanner, a monitor, a set-top box, an entertainment
control unit, a vehicle control unit, a digital camera, a digital video recorder, or a wearable computing device.
[0055] While certain features set forth herein have been described with reference to various implementations, this
description is not intended to be construed in a limiting sense. Hence, various modifications of the implementations
described herein, as well as other implementations, which are apparent to persons skilled in the art to which the present
disclosure pertains are deemed to lie within the spirit and scope of the present disclosure.
[0056] It will be recognized that practice of the disclosed techniques and architectures is not limited to the embodiments
so described but can bemodified and altered without departing from the scope of the appended claims. For example, the
above embodiments may include specific combinations of features as further provided below.
[0057] In first examples, an apparatus comprises a first Mach-Zehnder interferometer (MZI) structure having a first arm
length differential, and a second MZI structure having a second arm length differential that is a multiple of the first arm
length differential. The apparatus comprises a first number of electrically resistive heater elements proximal to an arm of
the firstMZI structure, and a second number of electrically resistive heater elements proximal to an arm of the secondMZI
structure. The second number of heater elements is approximately equal to the first number of heater elements times the
multiple.
[0058] In second examples, for any of the first examples individual ones of the first and second number of heater
elements are all connected in electrical parallel across a first heater power supply rail and a second heater supply rail.
[0059] In thirdexamples, for anyof thefirst throughsecondexamples theapparatuscomprisesavoltagesourcecoupled
to the first heater supply rail.
[0060] In fourth examples, for any of the first through third examples individual ones of the first and second number of
heater elements all have substantially the same resistance value.
[0061] In fifth examples, for anyof the fourth examples individual onesof the first and secondnumber of heater elements
all have substantially the same composition and substantially the same length.
[0062] In sixthexamples, foranyof thefirst throughfifthexamples themultipleof thearm lengthdifferential is two, thefirst
number of heater elements is one, and the second number of heater elements is two.
[0063] In seventh examples, for any of the first through sixth examples the second MZI structure is in a serial cascade
with the first MZI structure.
[0064] In eighth examples, a cascaded Mach-Zehnder interferometer (CMZI) comprises a first MZI structure. The first
MZI structure comprises a first pair of optical waveguideswith an optical path length difference ofΔL. TheCMZI comprises
aplurality of first electrical resistors.Oneormoreof the first resistors, eachhavinga first resistance, areadjacent to eachof
the first pair of optical waveguides. The CMZI comprises a second MZI structure comprising a second pair of optical
waveguideswithanoptical path lengthdifferenceof twiceΔL.TheCMZI structure comprisesaplurality of secondelectrical
resistors. Two or more of the second resistors, each having approximately the first resistance, are adjacent to each of the
second pair of optical waveguides.
[0065] In ninthexamples, for anyof theeighthexamplesall of thefirst resistorsareelectrically coupledacrossacommon
supply rail and one of a second supply rail or a third supply rail.
[0066] In tenth examples, for any of the ninth examples all of the second resistors are electrically coupled across the
common heater supply rail and one of the second supply rail or the third supply rail.
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[0067] In eleventh examples, for any of the eighth through tenth examples the second resistors comprise two pairs of
second resistors, each pair of the second resistors adjacent to a corresponding one of the second pair of optical
waveguides.
[0068] In twelfth examples, for any of the eleventh examples each of the second resistors in each of the pairs of second
resistors has approximately the first resistance.
[0069] In thirteenth examples, for any of the eleventh through twelfth examples a first pair of the second resistors
adjacent to a longer one of the second waveguides are electrically coupled in parallel across the common supply rail and
the second supply rail. A second pair of the second resistors adjacent to a shorter one of the second waveguides are
electrically coupled in parallel across the common supply rail and the third supply rail.
[0070] In fourteenthexamples, for anyof the thirteenthexamples theCMZI structure further comprisesa third stage.The
third stage comprises a third pair of optical waveguides with a propagation length difference of twice ΔL, and a plurality of
third electrical resistors. Two or more of the third resistors, each having approximately the first resistance, are adjacent to
each of the third pair of optical waveguides.
[0071] In fifteenth examples, for any of the fourteenth examples a first pair of the third resistors adjacent to a shorter one
of the third waveguides are coupled in electrical parallel across the common supply rail and the second supply rail. A
second pair of the third resistors adjacent to a longer one of the third waveguides are coupled in electrical parallel across
the common supply rail and the third supply rail.
[0072] In sixteenth examples, for any of the fourteenth through fifteenth examples each of the second resistors and the
third resistors has a length approximately equal to a length of each of the first resistors.
[0073] In seventeenth examples, a controller comprises an input to receive a control signal, and circuitry to linearly
control a heater supply voltage applied in electrical parallel across heater elements of all stages within a cascadedMach-
Zehnder Interferometer (CMZI).
[0074] In eighteenth examples, for any of the seventeenth examples the circuitry to linearly control the heater supply
voltage comprises circuity to change a first voltage applied across a first pair of heater supply rails, the rails coupled to
resistor elements within each of a first, second and third stage of the CMZI.
[0075] In nineteenth examples, for any of the eighteenth examples the first stage of the CMZI comprises one resistor
element and wherein the second stage of the CMZI comprises two resistor elements in electrical parallel across the first
pair of heater supply rails.
[0076] In twentieth examples, for any of the seventeenth through nineteenth examples the heater supply voltage is the
only control for tuning the CMZI.
[0077] However, the above embodiments are not limited in this regard, and, in various implementations, the above
embodimentsmay include theundertakingof only a subset of such features, undertakingadifferent order of such features,
undertaking a different combination of such features, and/or undertaking additional features than those features explicitly
listed. The scope of the disclosed techniques and architectures should therefore be determined with reference to the
appended claims, along with the full scope of equivalents to which such claims are entitled.

Claims

1. An apparatus comprising:

a first Mach-Zehnder interferometer (MZI) structure having a first arm length differential;
a secondMZI structure having a second arm length differential that is amultiple of the first arm length differential;
a first number of electrically resistive heater elements proximal to an arm of the first MZI structure; and
asecondnumber of electrically resistive heater elements proximal to anarmof the secondMZI structure,wherein
the second number of heater elements is approximately equal to the first number of heater elements times the
multiple.

2. Theapparatus of claim1,wherein individual ones of the first and second number of heater elements are all connected
in electrical parallel across a first heater power supply rail and a second heater supply rail.

3. The apparatus of any one of claims 1‑2, further comprising a voltage source coupled to the first heater supply rail.

4. The apparatus of any one of claims 1‑3, wherein individual ones of the first and second number of heater elements all
have substantially the same resistance value.

5. The apparatus of claim 4, wherein individual ones of the first and second number of heater elements all have
substantially the same composition and substantially the same length.
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6. The apparatus of any one of claims 1‑5, wherein the multiple of the arm length differential is two, the first number of
heater elements is one, and the second number of heater elements is two.

7. The apparatus of any one of claims 1‑6, wherein the second MZI structure is in a serial cascade with the first MZI
structure.

8. A cascaded Mach-Zehnder interferometer (CMZI) structure, wherein the CMZI structure comprises:

a first MZI structure comprising:

a first pair of optical waveguides with an optical path length difference of ΔL; and
a plurality of first electrical resistors, wherein one or more of the first resistors, each having a first resistance,
are adjacent to each of the first pair of optical waveguides; and

a second MZI structure comprising:

a second pair of optical waveguides with an optical path length difference of twice ΔL; and
a plurality of second electrical resistors, wherein two or more of the second resistors, each having
approximately the first resistance, are adjacent to each of the second pair of optical waveguides.

9. TheCMZI structureof claim8,wherein all of the first resistors areelectrically coupledacrossa commonsupply rail and
one of a second supply rail or a third supply rail.

10. The CMZI structure of claim 9, wherein all of the second resistors are electrically coupled across the common supply
rail and one of the second supply rail or the third supply rail.

11. The CMZI structure of claim 9, wherein the second resistors comprise two pairs of second resistors, each pair of the
second resistors adjacent to a corresponding one of the second pair of optical waveguides.

12. The CMZI structure of claim 11, wherein each of the second resistors in each of the pairs of second resistors has
approximately the first resistance.

13. The CMZI structure of any one of claims 11‑12, wherein a first pair of the second resistors adjacent to a longer one of
the second waveguides are electrically coupled in parallel across the common supply rail and the second supply rail,
andwherein a second pair of the second resistors adjacent to a shorter one of the secondwaveguides are electrically
coupled in parallel across the common supply rail and the third supply rail.

14. The CMZI structure of claim 13, further comprising a third stage, wherein the third stage
comprises:

a third pair of optical waveguides with an optical path length difference of twice ΔL summed with π/2; and
aplurality of thirdelectrical resistors,wherein twoormoreof the third resistors, eachhavingapproximately thefirst
resistance, are adjacent to each of the third pair of optical waveguides.

15. The CMZI structure of claim 14, wherein a first pair of the third resistors adjacent to a shorter one of the third
waveguides are coupled in electrical parallel across the common supply rail and the second supply rail, andwherein a
second pair of the third resistors adjacent to a longer one of the third waveguides are coupled in electrical parallel
across the common supply rail and the third supply rail.
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